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Abstract 


ORIGINAL 
OF. POOR 

A model of Saturn's magnetoapherie magnetlo flald is obtained from tba 
Voyaftr 1 and 2 observations. A t aprasantation oonslsti.ig of tha tonal 
harmonie aodal of Saturn's planetary aainetic field together with an explloit 
aodal of the equatorial ring ourrent fits the observations well within r < 20 
Rj , with the exoaption of data obtained during the Voyager 2 inbound pass* 

The exception is attributed to a tiae variation of Saturn's aagnetosphera 
driven by a drop in solar wind ram pressure. The aagnetohydrodynaaio mome n tum 
equation is used to obtain, froa the magnetic field aodal, estimates of the 
plasna pressure and mass density at radial distances of 8 < r < 16 R # . These 
estiaetes ere generally consistent with those obtained by the Pioneer 11 and 
Voyager plasma Investigations. The Voyager 1 observations suggest the 
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presenoe of a global field aligned ourrent of ^ 10 A flowing into the 
(southern) auroral zone in the evening sector. No evidence of such a field 
aligned current system is found in the Voyager 2 observations obtained a year 
later . 

The Pioneer 11 magnetic field investigations revealed a dipolar planetary 
aagnetic field of moment </* 0.20 G - Rg^, aligned to within *1* of Saturn's 
rotation axis and apparently offset along the axis to the north by .04 (AcuBa 
et al., 1980] or .05 Rg [Smith et al., 1980]. However, the pre-encounter 
discovery by the Voyager Planetary Radio Astronomy team [Kaiser et al., 1980] 
of a modulation of Saturn's radio emissions suggested an anomaly in or a tilt 
of Saturn's magnetic field with respect to the rotation axis. The Voyager 1 
observations confirmed the Pioneer 11 estimate of the magnetic moment (-/* .21 
G-R^) and the small tilt (< 1*) of Saturn's dipole but were not consistent 
with the offset dipole model [Ness et al., 1981; Aouna et al., 1981]. The 
Voyager 1 observations did reveal the' presence of a large-scale azimuthal 
equatorial ring ourrent system [Ness et al., 1981; Connerney et al., 1981] end 
associated oentrlfugal plasma loading of Saturn's magnetosphere. The 
distortion of Saturn's magnetosphere was also Inferred froa a satellite 
absorption feature observed near the orbital position of Rhea (8.78 Rg) by the 
cosmic ray experiment [Vogt et al., 1981]. This signature was subsequently 
shown to be quantitatively consistent with the ring ourrent model magneto- 
sphere derived froa the Voyager 1 magnetic field observations [Connerney et 
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•1., 1981b]. la terms of geometry, Saturn's aagaatosphara appaarad 
intaraadiata to thosa of Earth and Jupltar; a aagaatosphara that parhaps 
laekad tha siza and plasaa pre-requisite to tha foraatioo of a Jovian-like 

aagaatodisc . ORIGINAL PAGE IS 

OF POOR QUALITY 

Tha Voyagar 2 obsarvatloas of Saturn's aagnatosphara [Hass at al. , 1982], 
in oon junction with tha eoaplaaantary obsarvations obtalnad by Voyagar 1, 
lad to a rasolution of tha seemingly disparata viaws of tha planatary aagnatio 
fiald with tha introduction of tha Z^ tonal harmonio nodal [Connarnay at al., 
1982], Tha eontinuad prasanca of Saturn's ring current was notad [Hass at 
al., 1982] and suggastad a ralativaly stabla nagnatospharie gaonatry against 
which tha aora tina variable aspects of Saturn's aagnatosphara [Ness at al., 
1982 Bridge at al., 1982; Krimigis at al., 1982] oould be viewed. Thera was 
no evidence in the Voyager aagnetic field observations of tha quasi-periodic 
outflow of plasaa and consequent nagnatospharie reconfiguration anticipated 
[Frank et al., 1980] from Pioneer 11 observations of a high 8 plasaa near 6.5 


Using the Z^ description of Saturn's planetary magnetic field, we 
re-examine the VI and V2 observations to obtain an improved model ring current 
and magnetosphere. Inferences regarding the gross properties of the plasma 
entrapped in the magnetosphere are drawn from the model magnetosphere using 
magnetohydrodynamic stress balance for a centrifugally distorted magneto- 
sphere. Evidence is found in the Voyager 1 observations suggesting a high 
(southern) latitude current system active during the Voyager 1 encounter but 
dormant during the Voyager 2 encounter a year later. 

The axisymmetry of Saturn's planetary aagnetic field, evident in the 
magnetic field data and the charged particle absorption signatures created by 
the satellites and rings [Simpson et al., 1980; McDonald et al., 1980; Vogt et 
al., 1982], presents an observational limitation to in situ magnetospheric 
investigations conducted by flyby spacecraft. The enoounter trajectories of 
Pioneer 11, Voyager 1 and Voyager 2 are illustrated in Figure 1 in a 
planet centered cylindrical coordinate system. As the rotational and magnetic 
axes are identical, the Voyagers sampled but two magnetic latitudes at each 
radius, one inbound and one outbound from perlapsis. Pioneer 11 sampled along 
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a nearly identical near-equatorial swath both Inbound and outbound, loth 
Pioneer 11 and Voyager 2 spont ouoh of tha anoountor at ooostant magnetic 
latltudos. As a rasult of tha ax i symmetry of tha aagnatlo flald and tha flyby 
anoountars, infaraneas about tha distribution of currants and ohargad 
partlolas throughout tha aagnatosphara raly heavily on tha dlffaranoas 
obsarvad batwaan tha Inbound and outbound portions of tha trajaotorlas. It, is 
particularly difficult to distinguish spatial variations from taaporal 
variations occurring luring tha anoountor; lntaroooparison batwaan tha 
anoountars is likewise c explicated by probable tine variations linked to 
changes in the solar wind properties. 

Ring Currant Nodal 

A useful and revealing presentation of the aagnatic flald data for 
studies of magnetic fields of external origin is that of a perturbation 
magnetic field plot. The perturbation field &B is tha difference between the 
observed magnetic field at any position and the predicted magnetic field of 
internal origin, obtained by subtracting from the observations a model 
internal field. The model adopted herein is the Zj zonal harmonic model of 
Saturn's planetary magnetio field deduced from Voyager 1 and 2 observations 
CConnerney et al., 19823. The axisymmetrlc, octupole Zj modal is 
characterized by the three Schmidt-normalized spherical harmonic coefficients 
g., 0 * 21,535 nT, g 2 ° * 1642 nT and g^ 0 * 2743 nT. The internal field is thus 
confined to -meridional planes and any observed azimuthal magnetic field 
component is of external origin. 


The perturbation field plot of the Voyager 2 magnetic field observations 
shown in Figure 2 illustrates well the basic features of the external field. 
Each perturbation field component is shown on a common scale of t 20 nT for a 
two day period centered about the V2 closest approaoh (CA) at 2.69 R # which 
ooourred at 0324, day 238. The last (inbound) observed bow shock (BS) at 
0026, day 237 and only (inbound) observed magnetopause (MP) at 0700 day 237 
[Ness et al., 19823 are indicated in addition to three relatively brief 
spacecraft roll maneuvers (stippled). Data obtained during tha roll maneuvers 
has been deleted because the reconstruction of the spacecraft attitude, during 
the rolls, has an angular aocuraoy of v 2* as compared with </> 0.2* aohleved 
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otherwise. The maximx* field magnitude of 1187 nT mm observed at 0308 day 
238, Just prior to oloaaat approaoh. The external fiald at this time is + IS 
of tha total observed aainatle fiald. Thus avao small inaeouraolas la althar 
tha lntarnal aacnatlo fiald (removed from tha obsarvations) or tha spaoaeraft 
oriantation (e.g., during a spaoaeraft roll) would result la a large aad 
looalized departure of tha perturbatioa field ourve from that shown. 

A aost remarkable feature of the V2 observations is tha laok of an 
appreelable azimuthal aagnatlo field eomponent. The aB^ illustrated in Figure 
2 is tha entire observed azimuthal field, slnoa the Z ^ internal field does not 
have an azimuthal component. It is everywhere saall (< 5 nT) and not simply 
related to tha spacecraft radial range. In tha 8 and r components of tha 
perturbation • field plot tha characteristic features of a ring current are 
evident. Along the V2 trajectory (Figure 1) the 0 component of the external 
field increases slowly with decreasing spacecraft radial range, oppositely 
directed to the equatorial planetary field. The radial field component of the 
external field, also slowly varying, reaches a maximum at 5 < r < 10 Rg and 
reverses sign as V2 crosses the equator at 0418, day 238. 

Also shown in Figure 2 is the oomputed external magnetic field of the 
model ring current fitted to both VI and V2 observations. In this model, 
large-scale azimuthal currents flow eastward in an annular disk extending from 
8 Rg to 15.5 Rg in Saturn's equatorial plane. The current is assumed to be 
distributed uniformly in 2 throughout the total disk thickness of 6 Rg and 
decreases with radial distance from Saturn, i.e., 

2? , 25 ,AL PAGE fs 

\ • v p 8 Rg < p < 15.5 R s OF POOR QUALITY 

III < 3 

* 0 elsewhere 

where I Q * 2.9 x 10 6 A/Rgl 1 Rg * 60,330 km. The current density decreases 
from 0.36 x 10 6 A/Rg 2 (0.10 mA/km 2 ) at 8 Rg to 0.19 x 10 6 A/Rg 2 (0.05 mA/km 2 ) 
at 15.5 Rg. These model parameters, seleoted to best fit the oombined Voyager 
1 and Voyager 2 data sets, are very similar to those obtained from the VI 
observations alone [Connerney et al., 1981] prior to the V2 encounter. In 
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order to tetter fit the V2 observations, tho lnnor edge of tho ring ourront 
has toon dooroasod by 0.5 R s to 8.0 Rg and tho half thiokness lnoroaaod by 0.5 
R s to 3.0 Rg. Tho ourront donslty is unchanged but tho total Intogratod ring 
eurront lnoroasos (by * 1/3) to 11.5 x 10 6 A. ORIGINAL PAGE 18 

OF POOR QUALITY 

lapllolt in tho above is tho assunptlon that dlfforoneos in tho VI and V2 

observations rofloot spatial and not temporal variations. Within tho oontoxt 

of tho present model, tho VI and V2 observations are roprosontod to an equal 

approximation by tho same ring ourront, l.e., no significant improvement in 

tho model fits oan bo obtained by Introducing different ring currents for tho 

two encounters. However, the observations are not inconsistent with 

relatively small differences in ring ourrent geometry and intensity between 

the two enoounters. This possibility was examined by fitting the combined 

Voyager 1 and 2 data sets to a model oonslsting of a planetary field and a 

time-variable external field. The planetary field was represented by a zonal 

harmonio expansion, characterized by the Schmidt coefficients g®, g!j, and g^. 

Tho external field, attributed primarily to the ring ourrent, was approximated 

by an external spherical harmonic expansion of order 1 (G®, G^, h|). 

equivalent to a (spatially) uniform external field. The external field was 

allowed to assume different values for each of the two encounters. The 

results are summarized in Table 1 and oompared with the Z. model field. The 

A a 

difference in the axially synetric part of the external field (G.) for the 

* * 

two encounters is small. This difference may be due to the use of a uniform 
external field approximation and the different trajectories of Voyager 1 and 
2. Voyager 1 remained closer to the equator than did Voyager 2 (Figure 1). 

At higher latitudes, less of the ring ourrent perturbation field appears in 
the • component. This may be sufficient to acoount for the lesser G® obtained 
for the Voyager 2 flyby (-9 nT) compared to Voyager 1 (-11 nT). 

This ring ourrent model is a suitably scaled replioa of that used to 
model the Jovian magnetodisc [Connerney et el., 1981]. In oontrast to the 
sheet-like geometry of Jupiter's magnetodiso ourrents. the principal 
current-carrying region of Saturn's magnetosphere is thioker, relative to its 
radial extent. Actual ourrent densities in Saturn's magnetosphere art an 
order of magnitude less than *hose in the Jovian magnetosphere at comparable 
radial distances. 
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Presented in Figure 3 in the same perturbation field format daserlbod 
tar liar art tha Voyagar 1 magnatio fiald obsarvations at Saturn. ill fiva 
obsarvad (Inbound) aagnatopausa (MP) boundaries, ooourring batwaan 0154 and 
0247, day 317 [Naas at al., 1981] art indieatad along with two spaoaoraft roll 
nanauvtrs (stipplad) axaeutad following olosast approaeh (C.A.). Tha naxinum 
fiald magnitude of 1093 nT, naasurad just btfora olosast approaoh, is eom- 
parabla to that naasurad by V2 during its anoountar. Tha relative nagnituda 
of tha intarnal and axtarnal fiald is thus similar for tha two anoountars. 
Whila tha infarrad VI axtarnal fiald is gtntrally sinilar to that of V2, a 
comparison of tha VI (Figurt 3) and V2 (Figure 2) perturbation fields, with 
rafaranea to Figure 1 for trajectory information, reveals interesting . 
differences related to tha different Voyagar trajectories. Most evident in 
tha Voyager 1 data is the relatively large azimuthal field component, 
increasing with decreasing radial range of the spacecraft, and the coincident 
bipolar features occurring in the e and r components, i discussion of this 
interesting feature is deferred to the next section. 

Voyager 1 • s more nearly equatorial passage inbound towards periapsis on 
day 317 reveals a localized field enhancement at a radial distance of + 15 Rg, 
as Voyager 1 passed over the outer edge of the ring current. The lack of an 
observable edge effect in the outbound Voyager 1 aB 0 is a simple consequence 
of Vi's greater latitude outbound. Voyager 2 was even more distant from the 
equatorial plane during passage through the middle and outer magnetosphere and 
as such recorded only the smooth variation of the external field due to 
distant currents. In the Voyager 1 outbound data, the maximum external field 
of * 12.5 nT is observed as Voyager traverses the inner edge of the ring 
current at + 8 Rg, again at relatively low latitude. As Voyager 1 progresses 
further outbound, a maximum in the radial field component marks approximately 
the spacecraft emergence from the current-carrying region. 

The geometrical extent of the ring current deduced from the magnetometer 
observations roughly corresponds to the boundaries of the 'extended plasma 
sheet' described by Bridge et al. [1981; 1982]. Bridge et al. [1982] 
concluded that the extended plasma sheet observed by Voyager 2 was similar to 
that observed by Voyager 1 exoept that: 1) the inner edge of the sheet was 
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observed it U 6 (V2) rather than L + 8 (VI); and 2) tha ahaat half-thickness 
during tha V2 anoountar (5 * s ) was considerably greater than that inferred 
froa tha Voyager 1 observations (* 2 R g ). The Voyager 2 nagnetio field 
observations, eore distant froa the equatorial plane, are relatively 
insensitive to the position of the inner edge of the ring current and 
therefore oannot be used to identify such a shift in the inner edge of the 
ring current. However, the nagnetio field data are nost oonslstent with the 6 
R s thickness and are not oonpatible with a unifora distribution of the ring 
current over a 10 r g thick torus. Sittler at al. [1981] have noted that the 
inner edge of the ring ourrent at 8 R g coincides with the radial extent of the 
E-ring deduoed froa the extinction of supratheraal electrons and optieal 
observations [Baua et al., 1981]. They suggest that the E ring neutral «as 
and dust is likewise responsible for the extinction of the preoinent ring 
current carriers at the inner boundary of the ring ourrent. The outer 
boundary at 15.5 R g is also close to the outer extremity (17 R g ) of the region 
of stable trapping discussed by Krimigis et al. [1981]. 

The only significant disagreement between the Voyager 2 perturbation 
field and the ring current nodal nagnetio field occurs during the Inbound 
pass, ooneonitant with highly variable plasna electron densities [Bridge et 
el., 1982] and disturbed electron and ion anisotropies [Krinigls et al., 

1982]. Ness et el. r?2S2] argued that the major expansion of Saturn's 
magnetosphere, necessary to reconcile the magnetopause boundaries observed 
inbound with those observed outbound, occurred during hours 1000 to 1600, day 
237. The discrepancy between the modeled external field and that observed 
during this period and shortly thereafter is regarded as a result of the 
magnetospheric expansion and consequent temporary disruption of the ring 
current. 


An Auroral field Aligned Current? 

The remaining feature evident in the VI perturbation field plot (Figure 
3) is the comparatively large azimuthal field component (whloh reaches a 
maximum near closest approach) and the coincident bipolar disturbance 
appearing in the theta and radial components. We argue that this feature, 
manifested in all three components of the Voyager 1 magnetic field data, is 
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not directly related to oithor tho planetary fltld or tho ring ourront. 4 
plausible •xplanatlon la offorod in tarns of a fltld allgnad ourront system 
linking Saturn's southarn auroral zona with tha distant magnetosphere. 

It is nost oonvaniant to axanina tha aB^ oonponant of tha parturbation 
plot in datail sinca naithar tha nodal ring eurrant nor planatary flald 
oontributa to tha azimuthal flald. Tha naxlnum azlnuthal flald is obsarvad 
not at tha ninimun planatooantrio radial distanea but rath ar just bafora 
closest approaoh at tha minima axial distanoa p . In Figure 4 tha obsarvad 
azlnuthal flald is raplottad as a function of axial distanoa p danonstratlng 
not only tha larga seala langth of tha faatura but a ranarkabla linaar 
dapandanca on 1/p of tha flald anplltuda ovar a radial ranga of * 10 Rg. Tha 
dashad lint in Figura 4 is oomputad using (nT) « C33* 30/p 3 - 4.62, with p 
in units of planetary radius, obtalnad by least-squares fit of tha azlnuthal 
flald witnln 10 Rg (axcluding data obtalnad during tha roll nanauvar, 
indioatad in Figura 4). In Figura 5 tha Voyagar 1 azlnuthal flald vaotors are 
shown along tha equatorial plana projection of tha spacacraft trajectory in 
local tine. Tha trajectory of Voyagar 2 is indioatad in Figura 5 as wall but 
tha azimuthal fiald vactors hava baan omlttad for clarity. Tha azlnuthal 
flald obsarvad by Voyagar 2 was snail throughout anooi 'tar and apparantly 
unralatad to tha spacacraft radial ranga (saa Figura 2). 

It is highly unlikaly that tha obsarvad azlnuthal fiald is ganaratad by a 

% 

systan of currants intarnal to Saturn. Currants conplataly confinad within 
sooa radius r* snail er than tha VI closa approach radial distanoa of 3.07 Rg 
would rasult in a nagnatic flald it r > r* axprassibla as a sum of tarns with 
r” n radial dapandanca whara n > 3. 4 1/p dapandanca of tha azimuthal fiald 

amplitude ovar * 10 Rg radial distance and ^ 1.5 Saturn rotations cannot 
reasonably be constructed ty a superposition of such tarns. Nor is there any 
indication in tha Voyagar 2 observations obtained a year later (Figura 2) of a 
similar feature. We conclude that tha VI azimuthal fiald signature is 
ganaratad by a large-scale nagnatospharic currant (system) active during tha 
VI encounter with Saturn in November 1980 and inactive during tha V2 enoounter 
in August 1981. 
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A slaple conceptual aodel ourrent systea with tht desired characteristics 
consists of a single inf ini to lino eurrent at tho origin ooasial with Saturn's 
rotational and aagnotio axes. Proa tho oooffioiont 33*3 nT-Bj, * io 7 A of 
ourront flowing south to north through Saturn's polos is required to obtain 
tho part of tho observed asiauthal field represented by the first tern of the 
least squares fit. In this approximation, the second (constant) teru of the 
least squares fit is attributed to distant aagnetopause and/or aagnetotall 
currents. A co-axial infinite line eurrent contributes only to the asiauthal 
field component, however. Selecting Instead a ourront path along a dipole 
field line it is possible to qualitatively match the scale length, relative 
aaplitude, and polarity of the AB # and AB p signatures as well if an auroral 
field line at * 21.3 hrs local tiae is chosen. 

The current systea illustrated in Figure 6 incorporates the desired 
characteristics of the auroral ourront described above but is aore realistic 
in providing continuity of current across the polar cap rather than through 
the planet. Figure 6 is a view of Saturn's south pole as it appeared to 
Voyager 1 at + hour 2200 Day 317, schematically indicating the aodel field 
aligned current systea. This aodel current systea is confined to the southern 
hemisphere. A 9 x 10® A Birkeland current flows into the southern auroral 
zone at * 80* south latitude and 21,3 hours local tiae. The ourrent closes 
along a highly conducting auroral path and exits in the early aornlng sector. 
Figure 7 illustrates the perturbation field observed by Voyager 1, and a aodel 
field consisting of the ring current field combined with that of the putative 
auroral field aligned ourrent. The qualitative agreement between the computed 
and observed field is only suggestive of the field aligned current geometry of 

7 

Figure 6. While the existence of a current system carrying + 10 A (net) at 
high latitudes into Saturn's south pole is relatively well established, the 
detailed geometry and location of that systea is not well determined. For 
example, by distribution of the ourrent over a range of local tiaes in the 
early evening sector (oentered about 21.3 hrs local tiae) the same scale 
length and aaplitude observed in aB_ and SB. oan be obtained with a less 
intense current systea at sub-auroral latitudes. The early aornlng return 
path in particular is Included in the aodel to satisfy a requirement for 
current continuity only, as the aagnetlo field observations are relatively 
insensitive to the path of this return current. The observations are likewise 
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insensitive to the auroral path, allowing aa eastward or westward auroral 
eleotrojet or olosura directly aoross tha polar oap. ORKMNAL PAOK IS 

OF POOR QUALITY 

Wo have ohosoo tho oodtl lUustratod la Flguro 6 aa tha simplest * ingle 
lino ourroat aodal ooaslstaat with tho obsonratloas and tho ooaoopt of 
field-aligned ourroat flow (aad eahanood polar conductivity) . Slnco it is 
laposslblo to uniquely deteralne tho distribution of ourroat froei magnetic 
field obsorvatlons obtained outside tho region of ourroat flow, tho proposed 
aodel is but one of aaay possibilities. la particular, tho olose-ln Voyager 1 
obsorvatlons wore obtained at southern latitudes aad are therefore aore 
sensitive to Birkeland ourrents located la the southern healsphere. We do not 
speoulate oa the existeaoe of a similar ourroat systea in the northern 
healsphere. 


The proposed current systea aay only represent a net labalanoe between 

Inflowing and outflowing auroral ourrents as suggested for the earth's auroral 

current systems (e.g., Heelis [1982]). Several xlO® 1 of ourroat flowing into 

and out of the earth's polar auroral zone have been identified by analysis of 

ground based and satellite observations [lijlaa and Potemra, 1976]. The 

distribution and magnitude of the earth's auroral ourrents depend on the 

season as well as the interplanetary magnetio field direction and solar wind 

conditions [Heelis, 1982]. Many of the salient features of the earth's 

auroral ourrent system oan be understood on the basis of the 'open' 

magnetosphere model introduoed by Dungey [1961]. In this aodel, the electric 

field across the earth's polar cap (20 * 100 lev) is generated by the motion of 

the solar wind (*300 km/ sec) past magnetic field lines (* 5 nT) anchored in 

the polar ionosphere (see, e.g., Stern [1977; 1982]). If a similar solar 

dynamo operates at Saturn, it oould be expected to generate 100 * 500 kv 

across Saturn's polar cap, taking into acoount a lesser field strength (1 nT) 

and the relative size of the magnetospheres (25). With this EMF, an auroral 

(Hall and/or Pedersen) conductivity X aa of order 10 mhos would be sufficient 

6 ** 

to oonduct the inferred * 9 x 10 A across. Saturn ' s polar cap. Atreya at al. 
[in press] estimate the height integrated Pedersen conductivity of Saturn's 
auroral ionosphere to be X s 58 mhos oomparable to the earth's auroral 
conductivity [Heelis, 1982], and and in excess of that required. 
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The direction of ourroot flow is also oooslstoot with that expected of a 
aolar wind dynaao. Tha solar wind dynaao would Inposa a dusk- to dawn alaotrlo 
flald across Saturn's polar oapa. VI th tha magnetic field dlraotad into tha 
south polar oap, Hall ourrants in tha dlraetlon of lx£ flow from aldnlght to 
noon across tha polar oap. Adding a Padarsan ourrant in tLa diraotloo of 1 
rasults in a nat ourrant flow across tha pola froa tha pra-aldnlght sactor to 
tha early aornlng sactor. If such a ourrant is sustainad by field-aligned 
ourrants into tha polar raglon in tha evening sactor and out of tha polar 
raglon in tha aornlng sactor, tha rasultlng currant flow in tha southarn 
haaisphara is siallar to that inferred froa tha Voyager 1 aagnatlo flald 
obsarvations (Figura 6). 

Tha solar dynaao nodal is oonslstant with both tha aagnltuda and 
diraotloo of tha inferred ourrant flow. However, a simple solar dynaao would 
be expected to operate equally wall in tha northern haaisphara, neglecting 
hemispherical asymmetries. We find no evldenoe in tha Voyagar 1 obsarvations 
for c similar Birkeland ourrant system in the northern hemisphere. The lack 
of such evidence may refleot tha sampling bias of tha Voyagar 1 trajectory, a 
time variation of tha solar wind conditions during enoounter, a real 
hemispherical asymmetry in the solar wind interaction with tha magnetosphere, 
or a failure of the solar dynamo model in this application. With tha data 
available it does not seam possible to distinguish among tha alternatives. 

Association of tha Inferred ourrant system with a solar wind dynamo, or 
at least an energy source ultimately related to the solar wind interaction 
with Saturn's magnetosphere, suggests a plausible explanation for tha laok of 
evidence for a similar current system in the Voyager 2 observations. During 
the Voyager 2 encounter with Saturn, the magnetosphere grew in size [Ness at 
al., 1982; Bridge at al., 1982] indicative of a precipitous drop in solar wind 
ram pressure. More importantly, Warwick et al. [1982] and Soarf at al. [1982] 
reported tha disappearance of Saturn kiloaetrie radiation (SKX) for a period 
of several days during tha Voyagar 2 encounter. They suggested that during 
this time, Saturn's magnetosphere might have bean enveloped in Jupiter's 
magnetic tail (or a tail filament) and thus removed froa tha solar wind. 

Since SAB originates on auroral field lines (near nooo or the dayslda cusp in 
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the northern hemisphere; [Kaiser and Desch, 1982]) and is heavily influenced 
-by tba solar wind [Desch, 19823. the prasaooa of SO is rather diraotly 
indioativa of polar aooasa to a solar wind dynaao. Its absence during tha 
Voyagar 2 ancountar suggests tha removal of tha solar wind dynaao and tha 
assoeiatad Birkeland currant system. Tha prasanea or absanoa of a siailar 
currant systaa operative during tha Pionaar 11 ancountar with Saturn oannot ba 
datarainad frca tha fluxgate aagnatoaatar observations [Acuna and Hass, 19793 
owing to a ralativaly largo digitization uncartainty nor free tha publishad 
accounts of tha vector helium aagnatoaatar experiment [Smith at al., 19803. 

Another currant system capable of reproducing tha azimuthal field radial 
dependence has received soma consideration in tha context of tha Pionaar 
magnetic field observations at Jupiter [Parish at al., 1980; Connerney. 1981; 
Thomsen and Goertz, 19813 and tha outward transport of angular momentum in the 
Jovian magnetosphere [Hill, 1979; 1980]. This system retains the 
. field-aligned current flow into the polar region (at sub-auroral latitudes, 
however) but closes along field lines at lower latitudes equatorward at all 
longitudes and thereafter exits radially outward in the equatorial plane. 
Angular momentum is transferred to equatorial plasma by local jxl forces at 
the expense of ionospheric angular momentum lost in a sub-auroral band bounded 
by the inflowing current and lower -latitude equatorward current. This current 
system, hereafter designated as the equatorial outward radial (EOR) system, is 
fundamentally a planetary-rotation-driven system and is regarded as an 
unlikely alternative to the current system described above in the present 

context (Appendix 1). ORIGINAL PAGE IS 

OF POOR QUALITY 

Ring Current Model Magnetosphere 

A model of Saturn's magnetospheric magnetic field, constructed by super- 
position of the model internal field [Connerney et al., 19823 and the field 
due to the ring current is compared in Figure 8 with a dipolar magnetic field. 
Figure 8 is a meridional profile of magnetospheric field lines, illustrating 
the moderate distension of field lines in the equatorial plane.' Field lines 
are labeled with the co-latitude appropriate to the foot of the field line in 
the northern hemisphere The resulting geometry has been used successfully to 
relate charged particle absorption signatures to satellites and rings [Acuha 
et al., this issue] and better organize Voyager high energy charged particle 
fluxes [Scf'a-dt and McDonald, this issue] throughout Saturn's magnetosphere. 
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Th« model magnetosphere Is axi s ym me trio, roflootlng tho axial sy— try of 
both tho Zj intornal flold aodtl and tho flold duo to tho ring ourront. 
Asymmetries duo to tho aagnotopauso boundary and tall ourront systoas dr Ivon 
by tho solar wind interaction, not included in tho aodol, become evident in 
tho Voyager aagnotio field obsevations at radial distances greater than •/> 15 
R s (outbound). Comple ' absence of data at low latitudes deep within Saturn's 
aagnotio tail frustrates atteapts to describe quantitatively the field 
geometry there. Thus far, aagnetotail currents have been inferred froa high 
latitude observations. ?ehannon et al. [1981] constructed a semi -quantitative 
model of Saturn's magnetosphere consistent with the Voyager 1 magnetic field 
observations and closure of field lines across the tail as indicated by the 
observed electron pitch angle distributions [Krimigis et al., 1981]. 

Saturn's magnetospheric configuration appears more similar to the earth's 
than the disc-like Jovian magnetosphere. The total integrated ring current in 

7 

Saturn's magnetosphere is « 10 A, only a few percent of the total current of 
the Jovian magnetodisc [Connerney et al., 1981a] and approximately an order of 
magnitude greater than the earth's quiet time ring current [Hoffman and 
Bracken, 1965]. Connerney et al. [1981b] demonstrated that these three very 
dissimilar magnetospheres each have near-axis (ring current) perturbation 
fields aB of 5x10 B e , where B ft is the planet's equatorial field strength. 
The planetary and ring-current fields of Earth, Saturn, and Jupiter are 
summarized in Table 2 along with an estimate of the total ring current in each 
magnetosphere. The earth's ring current appears to be considerably more 
variable than either Jupiter's or Saturn's. An estimated aB of 10-23 nT [Mead 
and Fairfield, 1975] is considered to be representative of the earth's 
quiet-time ring current. Langel et al. [1980] found a AB of 20.4 nT from an 
analysis of two days (November 5-6, 1979) of Magsat observations. On the 
basis of data obtained from just two or three spacecraft encounters with 
Jupiter and Saturn, it appears that the remaining estimates of aB in Table 2 
have an uncertainty of ■ 20%. 

The Dessler-Parker relation [Dessler and Parker, 1959; Carovillano and 
Siscoe, 1973] links the quantity aB/B to the ratio of the kinetic energy of 
trapped particles in the magnetosphere (E) and the dipole magnetic energy 
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outside the planet's surfaoa (U). While the ratio E/U for the three 
magnetospheres is approximately equal, the equatorial field strength and thus 
the total kinetie energy (E) varies by orders of magnitude. The prediotive 
capabilities of soaling laws for planetary magnetic fields are less than 
satisfactory. However, onoe a planetary equatorial field strength is 
determined, Table 2 suggests that the ring-current perturbation field is 
relatively well determined. 

ORIGINAL PAGE IS 
Magnetospheric Plasma qF POOR QUALITY 

Some properties of the plasma trapped in Saturn's magnetosphere can be 
inferred from a model of the magnetospheric magnetic field through the use of 
a magnetohydrodynamic formulation. Such a model has been utilized by several 
authors [Gleeson and Axford, 1976; Liu, 1982; Goldstein, 1977; Goertz, 1979; 
Vasyliunas, 1983; for a review see Vasyliunas. 19833 to deduce plasma 
properties of the Jovian magnetodisc. This approach provides useful 
information about gross plasma properties but does not in itself address 
issues which require a consideration of individual particle motion, e.g., 
charged particle absorption phenomena. Individual particle motion in the 
distended magnetospheres of Jupiter and Saturn is discussed by Birmingham 
[19823. 

In the magnetohydrodynamic (MKO) formulation the magnetospheric plasma is 
treated as a conducting, compressible fluid entrapped in the rapidly rotating 
magnetosphere. In the steady state, with isotropic pressure p(p , z), mass 
density S(p,z), and velocity 1f(p,z), the plasma force balance is expressed by 

«(V*v)V * J x B - Vp (1) 

neglecting viscous and gravitational forces. In rotating coordinates, 
assuming corotation, axial symmetry, and azimuthally directed currents, 
equation (1) reduces to two equations relating the plasma pressure and mass 
density to the magnetospheric magnetic field and current density: 
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With th« M|n«tio field and ourrent density given by the ring current 
model, the pressure and mess density in Saturn's magnetosphere esn be 
ealoulated subjeot to suitable boundary conditions. Assuming that P * 0 as t 
* * • , the ring ourrent model taken at faoe value implies that P * 0 at the 

A 

surfaoe bounding the model ring ourrent in s. Thus, 


(sgn z)D 

P(e,z )■/ J. B dz' (4) 

z ♦ 0 

Taking « I Q /o and I Q « 2.9 x 10® A/R^ for Saturn, plasma pressures at the 
equator and at z ■ 1,2 for 8 < o < 15.5 have been evaluated numerically and 
are shown in Figure 9. The plasma pressure in the equatorial plane deoreases 
from + 27 x 10” 10 dynes/om 2 at a « 9 Rg to * 4 x 10” 10 dynes/om 2 at a ■ 15 Rg. 

Similarly, evaluation of 

D 

o(o) ■ / <(a.z') dz' 

0 

using equations 2 and 4 results in an estimate of the height -integrated plasma 
mass density in Saturn's magnetosphere. The mass density deoreases from * 1.1 
x 10* 11 Kg/m 2 at o ■ 9 Rg to * 5.4 x 10“ 12 Kg/m 2 at e • 15 Rg. In this 
region. Bridge at al. [1981] identified a heavy ion species with mass to 
charge ratio of 14-16 as the dominant ion speoies. An effeotive ion number 
density estimate, N ( , is obtained from the mass density by assuming an ion 
species with atomic mass of 16 a.m.u. (oxygen) and uniform distribution 
throughout the ring-current region. The inferred plasma mass density and ion 
number density are shown in Figure 10. In Figure 11 we oompare our estimated 
ion density with the ion densities obtained by Frank at al. [I960] from 
Pioneer 11 observations made near the equatorial plane, and the equatorial ion 
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density inferred by Bridge et el. [1982] fro* Voyager 1 and 2 plasaa 
observations (of electron density) at higher latitudes. At ring-current 
radial distances, there is, in general, a rather good agreement aaong all 
three estiaates of ion density. The ion density eatiaated from the aodel 
magnetic field is consistently greater than those of the plasaa experlaents. 
However, Frank et al. [1980] reported difficulty in identifying the ion 
speoies in this region but assigned a aass per oharge ratio of 1 (H*) to the 
ions within the radial range of 10-16 R g . If we attribute the aass density 
obtained froa the aodel aagnetosphere to H* ions, the required number 
densities would be 16 tiaes that shown in Figure 11, at varianoe with the 
observed ion densities. Agreement between the two ion density estiaates is 
achieved only if the ions have a large aass to charge ratio, in agreenent with 
the results of the Voyager plasaa investigation [Bridge et al., 1981; 1982]. 

An ion density estiaate based on equation (1) Bight be greater than those of 
the plasma experiments if some fraction of the charged particles escape 
detection by the plasma experiments, e.g., .if the ion species is too oold to 
be measured far above the equatorial plane or perhaps energetically outside 
the range of the available detectors. The plasma pressure and integrated mass 
density obtained here are both more reliable than the quoted effective ion 
density, which required additional assumptions. Particles not contributing 
significantly to the mass density have been neglected in this approximation. 

Additional practical considerations limit the usefulness of equation ( 1 ) 
in obtaining plasma properties from a specific magnetic field" model. Close to 
the planet, where the radial magnetic field is dominated by internal sources, 
even a small azimuthal current density may contribute significantly to the 
pressure by virtue of equation (4). Such a small current density may not be 
evident in the observed magnetic field. Thus; in regions where the magnetic 
field of internal origin is much greater than that due to plasma currents (for 
Saturn, p < 8 R.) the plasma pressure is difficult to estiaate. In Saturn's 
magnetosphere, for example, only «/» 30% (* 13%) of the current density at p » 8 
is required to obtain the same pressure at p * 6 (p • 5). Regions where J * 

f 

0 (outside the ring current region illustrated in Figure 8) should not be 
interpreted (literally) as implying a vanishing pressure. 
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The boundary conditions assantial to aquation (4) raquira P * 0 at x > tD 
sinoa 3P/3z * 0 outsida tha ourrant carrying region (J^ » 0) and P(x * •) * 0. 
However, if wa allow a vary snail at |z| > D, it is dear that tha 
condition P(z * •) * 0 oan be satisfied for non-zero P(z « * 0). To tha right 
hand side of aquation (4) wa are thus free to add a suitable function P*(p). 
While P*(p) is apt to be a small fraction of tha P(p,z) of aquation (4), there 
is no assurance that 3P # /3p is likewise snail so tha mass density astinata 
must be regarded more cautiously* Finally, wa have oonputed a height-inte- 
grated mass density to raduoa tha dependence of the result on the assuned 

A 

distribution of ourrant in z sinoa the nodal quantity x D (total height- 
integrated current at radial distance p) is better determined than either term 
Independently (Connerney at al*. 1981 a,b). Note that the mass density 6(p,z) 
is the difference of the two quantities 3 P/3p and and that snail 
uncertainties in either can result in large uncertainties in <(p,z). The 
computed plasma pressure is already relatively insensitive to the detailed 

A 

distribution of current in z or the model parameter uncertainties and as such 
is estimated with more confidence. 
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Summary 


Saturn's magnetosphere is unique in the remarkable axisymmetry of its 
internal field. In the neighborhood of the Voyager closest approach distances 
of 2.7-3 R., the observed magnetic field is consistent with axisymmetry to 
within a nT or 2, or to the level of •/» 0.2 % of the total field. This is much 
less than the field of the ring current («/* 10 nT) and probably comparable to 
the near axis field due to magnetopause and tail currents. The daily 
variation of the orientation of the terrestrial and Jovian dipoles with 
respect to the planet-sun line (± 11.7* and ± 9.6*, respectively) is 
reproduced at Saturn on the much longer time scale of Saturn's sidereal 
period, approximately 30 years. Thus Saturn's magnetosphere may be an ideal 
laboratory for the study of magnetospheric prooesses and the interaction of 
the solar wind with a planetary magnetosphere. 

Estimates of the plasma pressure and mass distribution in Saturn's 
magnetosphere obtained from the ring current magnetic field model are 
reasonably consistent with those obtained by the Voyager and Pioneer plasma 
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experiments. A consideration of detailed particle notion in suoh a 
magnetospherio nagnatio fiald Ce.g. , Birmingham, 1982] and tha in situ plasma 
obsarvations should laad toward an improved eurrant distribution (and modal 
magnetosphere) . From the MHD stress balanoe it is olear that tha plasma 
pressure or mass density measured on tha spaoeoraft trajeotory oontains 
information about tha azimuthal ourrant density and magnetic field far from 
the point of observation. In this respect use of plasma obsarvations to 
constrain or improve magnetospherie models is similar to the use of charged 
particle absorption signatures to infer tha geometry of a magnetic field line. 

The Dessler-Parker relation establishes a rather generally applicable 
relationship between tha quantity aB/B # and E/U, where E is the total kinetic 
energy of trapped particles in the magnetosphere and U is tha dipole magnetic 
energy exterior to the planet's surface. Observations at tha earth, Jupiter, 
and Saturn are consistent with a constant ratio aB/B (5x 10 ) among planetary 

* a 

magnetospheres. This empirical result implies that each planetary , 
magnetosphere acquires a '-rapped particle population with a total kinetic 

_4 

energy of 5x10 (J, that is, a fixed percentage of the available magnetic 

field energy external to the planet. 
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APPENDIX 1 

DISCUSSION OF THE EON CURRENT SYSTEM 


Within the oontext of the (axially symmetric) EOR system, tha observed 

radial dependenoe of tha azimuthal fiald for p < 10 R # requires current 

injeetion in tha equatorial plana to ooour at low L valuaa (Mo II wain ' s 'l' 

parameter), balow tha minimum L + a. 3 raaohad by Voyagar 1. Currant olosura 

ooours batwaan thara and * 72* latltuda or antlraly at highar latitudes, 

dapanding on modal assumptions. This raquiras a 10* latltuda path in 

Saturn's ralativaly poorly oonduoting sub-auroral ionosphara. Wa astimata tha 

height-integrated Padarsan oonduotlvity z s of Saturn's sub-auroral ionosphara 

to ba of ordar .1 mho, with an uppar limit of * 1 mho (Appandix 2). Tha total 

ourrant I at a oo-latltuda • flowing in rasponsa to an alactrlo fiald E is 

givan by I * 2 t R # sins z # E whara R # is tha radius of Saturn. Wa hava 

naglaotad tha (ralativaly small) latitudional dapandanoa of tha horizontal 

conductivity at high latitudas in using £ « I j( Assuming that tha systam is 

drivan by planatary rotation, tha availabla C(b > is a fraotion a (dascrlbing 

tha lack of corotation) of tha 7x6 whara 7 » rQ and B is tha magnatio fiald at 

tha point along tha fiald lina whara E is avaluatad. Appliad at tha 

2 2 

ionosphara, assuming a dipola fiald, 1(e) * 4 t f? 3 oQZ s B Q sin e oose, whara 

B is Saturn's aquatorial dipola fiald strangth (21,000 nT). With tha uppar 

limit astimata of 1 mho for Z s , and a * 0.1, wa obtain 1(e) « 15 10 sin • 

cose A. If wa assuma that all of tha obsarvad B^ is dua to tha EOR systam, 

than all of tha currant must hava closad at latitudas < 72* oorrasponding to p 

% 7.2 R s whara B^ is raduoad affactivaly to zero. In this casa, slnoa tha 

ionospharic currant iapliad by tha obsarvad B dacraasas with daoraasing e 

2 f 

mora rapidly than sin e • tha most savara raquiramants for driving tha ourrant 
ara found at tha largest e. At minimum p, Voyagar 1 is looatad at L * 5.4 (or 
25*) whara our uppar limit astimata 1(25*) * 2.7 x 10* A, somawhat lass than 
tha currant of 7 x. 10* A raquirad by tha maximum B^ obsarvad. 

If instaad wa assuma that tha oonstant term in the least squares fit to 
B^ is dua to magnatopaussa and/or magnatotail ourrants, a somewhat lower 
astimata results. Tha sign and magnitude of tha (-4.6 nT) oonstant B^ term is 
consistent with a magnatopausa/magnatotall fiald whan tha latitude and local 
time of Voyagar 1's trajaotory ara taken into aooount. In this oasa, all of 
tha EOR return currants must close at high (> 70*) latitudas, whara tha esti- 
mated uppar limit I(e * 20*) is + 1.7 x 10* A. This is considerably lass than 
tha 9 x 10* A required by tha coefficient 33*3 nT-R # of tha least squares fit. 
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APPENDIX 2 

ESTIMATE OF IONOSPHERIC CONDUCTIVITY AT SATURN 


The currtnt density 7 in a weakly ionized gas is 

7 * a Q Z n ♦ ffp E A + eg (J5xE)/B 

where E„ end E x are the components of the eleotrie field vector E parallel to 
and perpendicular to the magnetic field I. The Pedersen c p and Hall a ^ 
conductivities are given by Ce.g.,‘ Akasofu and Chapman, 1972] 


c p « e n # [- 


in 


an 


A1 


■l '“1* * “in 2 ’ ( “. 2 


%n 2 > 


and 


* ‘ ", C ‘ 


•] 


% (o « 2 * v «o 2) "l <u i 2 * v in 2) 


A2 


where e is the electron charge, n # the number density of char aged particles, 
m e (m^) the mass of an electron (ion) with gyrofrequency u # (electron) and 
(ion); v^ n and v #n are the collision frequencies of ions with neutrals and 
electrons with neutrals. Gyrofrequencies of electrons and ions are u # * eB/m # 
and u i s eB/m 1 respectively in a magnetic field B. 

The number density of charged particles n # at ionospheric altitudes in 
Saturn's atmosphere has been deduced from the Pioneer 11 [Kliore at al., 1980] 
and Voyager radio oceulations [Tyler et al., 1981; 1982]. The number density 
n # as a function of altitude (referenced to the 1 bar level in Saturn's 
atmosphere) obtained from the high-latitude Voyager 1 ocoultation is 
illustrated in Figure Al along with the computed H* ion and electron 
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gyrofrequencits. The number density deduoed from th« low latitude Pionaar 11 

u 

ocoultation showed less variation with altitude reaohing a maximum of * 10 
-3 3 

oa w at «/* 1.5 to 2 10 J km altitude. The electron density is oonsidered to be 
oontrolled by inoldent solar ultraviolet radiation and generally an order of 
magnitude less than expeoted on the basis of ourrent models of Saturn's 

9 

ionosphere [Atreya and Waite, 1981]. The electron-neutral and ion-neutral 
collision frequencies appearing in equations A1 soale linearly with neutral 
particle density n [Dalgarno, 1961]. The neutral partlole density increases 
exponentially with decreasing altitude, so the relevant collision frequency 
also increases exponentially with decreasing altitude, as illustrated in 
Figure A1. The collision frequency in cycles sec* 1 shorn is that of H* ions 
in molecular hydrogen gas oomputed from 

ORIGINAL PAGE IS 
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v in * x 10 n (A3) 

the neutral number density n in cm*^ is from the model of Atreya and Waite 

[1981]. Equation A3 results from equations given by Dalgarno (1961) with the 

polarizability of molecular hydrogen (a Q * 5.44 in atomic units) from Venanzi 

and Kirtman [1973]. For the purpose of estimating the Pedersen conductivity 

it is sufficient to note that c p is essentially determined by the electron 

density in the region where v^ n and are comparable, i.e., just below 1000 

km relative altitude. Similarly, the largest contribution to the height 

integrated Pedersen conductivity Z * /odh will be confined to an altitude 

band of < 500 km depth over which the number density of neutrals varies by 

more than an order of magnitude. Unfortunately, v «/» well below the «/* 

1800 km altitude probed by spacecraft observations. One must therefore 

attempt to estimate n # at lower altitudes, in spite of the very limited 

success of current theoretical models of Saturn's ionosphere [Atreya and 

Waite, 1981]. Such an estimate is very tentative without electron density 

measurements at lower altitudes. Thus an upper limit for z , assuming that n 

3-3 s e 

has decreased to ^ 10 ci at 1000 km and a magnetic field magnitude of 

60,000 nT, is 1 mho. A more realistic estimate of z s for Saturn's 

ionosphere is perhapi of order 0.1 mho. Sisooe [1979] estimated Saturn's z to 

be Z s s 0.2 mho, prior to the availability of electron density or magnetic 

field observations, by reducing an estimate of Jupiter's Zj by the ratio of 

heliocentric distances. 
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TABLE 2 
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MAGNETOSPHERE 


B t (G) 


AB(nT) 


AB/B. 


I(A X 


10 6 ) 


Earth 

.31 

10-23 

(3.3-7. SJxlO -4 

0.75 

Saturn 

.22 

10 

5x10"* 

10 

Jupitar 

4.20 

200 

5X10" 4 

300 
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Fig. 1. Trajectories of Pionaar 11, Voyager 1 and Voyager 2 at Saturn in a 
cylindrical planetooentric equatorial coordinate system. Positions of 
the major satellites and rings are indicated. Stippled region is the 
region of model distributed (ring) ourrents in Saturn's magnetosphere. 

Fig. 2. Comparison of modeled perturbation aagnetic field with that observed 
by Voyager 2. Spherical coordinates (SLS) are used. Dashed ourve is the 
magnetic field of the model ring current. Data obtained during 
spacecraft rolls (stippled) is omitted. 

Fig. 3. Comparison of modeled perturbation field with that observed by 

Voyager 1. Dashed ourve is the magnetic field of the model ring current. 

Fig. 4. Azimuthal magnetic field component at Saturn observed by Voyager 1 at 
radial distances less than 10 R c . Light line corresponds to data 
obtained during a spacecraft roll maneuver. Dashed line illustrates a 
1/p dependence of the magnetic field. 

Fig. 5. Equatorial plane projection of Voyager 1 and 2 spacecraft trajec- 
tories at Saturn. Coordinates are radial distance as a function of local 
time. Voyager 1 azimuthal field vectors shown at hour intervals along 
the trajectory. The positions of the major satellites Mimas, Enceladus, 
Tethys, Dione and Rhea at the time of Voyager 1 closest approach (23:45, 
day 317) are indicated. 

» 

Fig. 6. View of Saturn's south pole and the proposed auroral current system, 
consisting of an inflowing field-aligned current at 21.3 hours local 
time, an auroral electro jet, and current outflow in the early morning 
sector . 

Fig. 7. Comparison of modeled perturbation magnetic field with that observed 
by Voyager 1, for a model containing the ring current (as in Figure 3) 
plus the field-aligned ourrent system illustrated in Figure 6. 
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Fig. 8. Meridian plana promotion of magnetosphere field Unas at 2* 

increments of oo-latitude (solid) using the nodal internal field and 
the ring ourrant nodal disoussed in the text. Field lines are labeled 
with the oo-latitude appropriate to the foot of the field line in the 
northern hemisphere. Field lines drawn using the internal field and 
no ring current (dashed) are given at 4* increments for comparison. 

Fig. 9* Plasma pressure in the equatorial plane (z*0) and above (z*1,2) at 
radial distanees of 8 to 16 R. in Saturn's magnetosphere computed from 
the ring current model magnetosphere. 

i 

Fig. 10. Height-integrated plasma mass density and equivalent number density 
at radial distances of 8 to 16 R # in Saturn's magnetosphere computed from 
the ring current model magnetosphere. 

Fig. 11. Comparison of the ion density in Saturn's magnetosphere computed from 
the ring current model magnetosphere with the ion densities obtained by 
the Pioneer 11 and Voyager plasma experiments. Radial positions of the 
satellites Enceladus, Tethys, Dione, and Rhea as indicated. (Adapted 
from Bridge et al. f [1982].) 

Fig. A1 . Collision frequency of H* ions in molecular hydrogen gas and 
gyrofrequencies (H* ions and electrons) as a function of altitude 
referenced to the 1 bar pressure level. The electron density (solid 
line) deduced from the Voyager 1 radio occulation and that modeled 
(dashed) by Atreya and Waite [1981]. The electron density below 1800 km 
(short dashed) is simply extrapolated from the radio science measurements. 
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